Decreased function of human mitochondrial branched chain aketoacid dehydrogenase complex results in branched chain ketoacidemia or maple syrup urine disease. Activity of this multienzyme complex varies from 0 to -15% of wild type branched chain a-ketoacid dehydrogenase complex activity within the population of homozygous affected individuals. We used the technique of Western Blotting with antibodies against purified bovine liver branched chain a-ketoacid dehydrogenase complex to screen mitochondrial proteins from cultured human fibroblasts for immunocrossreactive proteins. This method probes the physical structure of the proteins forming this multienzyme complex. One patient with branched chain ketoacidemia lacked an immunoreactive transacylase protein. This protein catalyzes the transfer of the branched chain acyl group from the decarboxylase to reduced coenzyme A. Kinetic analysis of the enzyme activity in cell lysates from this patient confirmed that the complex would not utilize coenzyme A. Thus, we have defined a structural basis for an impaired multienzyme complex of mitochondria in man.
Introduction
Branched chain ketoacidemia or maple syrup urine disease (MSUD)' results from defects in the mitochondrial multienzyme complex, branched chain a-ketoacid dehydrogenase (BCKD; 1, 2). Inheritance patterns for the human disorder follow Mendelian rules for an autosomal recessive trait (3), thereby suggesting nuclear coding for the four proteins composing the complex. Mutations affecting different regions of any of the structural genes coding for these proteins could lead to varying decreased function of the entire complex. Reported variations in the activity of BCKD and in the clinical expression among the patients and their obligate heterozygous parents support this hypothesis of mutations occurring in different regions of the complex (4-7). Some patients expressing >2% of wild type BCKD activity exhibit increased enzyme function in response to oral loading with thiamin (8) . Based on patient studies and tests with purified BCKD, we postulated that the response to this vitamin was due to an increased biological half-life of the complex when saturated with thiamin pyrophosphate (TPP) (6, 9-1 1).
Received for publication 9 Recently, we purified the bovine liver BCKD complex to homogeneity and showed it to contain four proteins (12) . The El decarboxylase is composed of two proteins with Mr's of 37,500 and 46,500. Only the larger subunit binds TPP in forming the binding site for the ketoacid substrate. E2 is a 52,000-mol wt protein and transfers the acyl group of the ketoacid from El to coenzyme A (CoA)SH. E3 is the 55,000-mol wt flavoprotein lipoamide dehydrogenase which reoxidizes reduced lipoyl sulfur residues of E2. Polyclonal antibodies against the purified bovine liver complex recognize all the proteins of the BCKD complex and crossreact with other species and tissues including human diploid fibroblasts (13) . Here we report the use of these antibodies to probe mitochondrial proteins of human fibroblasts for immunocrossreactive material (CRM). We describe, for the first time, the immunologic absence of a single protein of the BCKD complex. This absence of the structural component is confirmed by the concomitant loss of functional resjonse for the putative missing protein.
Methods
Cell culture. Human diploid fibroblasts derived from control individuals and 29 cell lines derived from patients with MSUD were maintained in Dulbecco and Vogt medium supplemented with 15% fetal bovine serum as previously described (14) . Several of these cells have been studied previously with regard to activity of BCKD and responsivity of the BCKD complex to TPP. All Mitochondria isolation. Cells from 4-6 150 cm2 flasks were removed from monolayer by treatment with 0.25% trypsin, washed into phosphate-buffered saline, and pelleted by centrifugation at 1000 g for 10 min to determine their wet weight. Mitochondria were isolated by differential centrifugation of broken cell homogenates in phosphatebuffered sucrose (20 mM potassium phosphate, pH 7.4; 0.25 M sucrose) essentially as previously described (16) .
Mitochondrial proteins were resolved by electrophoresis in a 10% polyacrylamide gel in the presence of sodium dodecyl sulfate essentially as described by Laemmli (17) Louis, MO) and 0.1% Tween 20 for 60 min. The nitrocellulose was then placed in a solution of 0.15 M NaCl:0.05 M Tris-HCI, pH 7.4, containing 0.1% Tween 20, 5 mM EDTA, 0.25% gelatin (medium 2) with 5 ml of bovine serum/100 ml (total volume, 105 ml). After 1 h in this solution, 75 Al of BCKD-specific rabbit immunoglobulin was added for overnight incubation at room temperature. The nitrocellulose was washed three times for 10 min with medium 2 and incubated with 80 Ad of horseradish-peroxidase-conjugated, goat-anti(rabbit-IgG) IgG, and 1.5 ml bovine serum in 80 ml of medium 2 for 2 h. Peroxidase activity was detected after four 10-min washes of the nitrocellulose with medium 2 using a freshly prepared solution of 3,3'-diaminobenzidine tetrahydrochloride (Sigma Chemical Co.; 15 mg in reaction was stopped by washing in water.
Enzyme assay. BCKD activity was determined for the fibroblast cells by quantifying 14C02 released from [1-4Cjbranched chain a-ketoacid in the presence of cofactors as previously described (16) . Partial reactions of the complex were studied by varying cofactor addition in whole cell homogenates (5) .
Antibodies to the BCKD complex. Bovine liver BCKD complex was purified as described by Heffelfinger et al. (12) and used to immunize rabbits as described by Heffelfinger et al. (13) .
Results
The four proteins comprising the liver BCKD complex migrate in sodium dodecyl sulfate-polyacrylamide gel electrophoresis to positions which correspond to 55,000 (E3), 52,000 (E2), 46,500 (Ela), and 37,500 mol wt (ElI3) (Fig. 1, lane 1) . Based on previous data ( 12), it is known that these proteins comprise <1% of the proteins forming the mitochondrion and cannot be distinguished among the total population by protein staining of the gel (Fig. 1, lane 2) .
Antibodies made against the purified bovine liver complex can detect specifically the four proteins. Fig. 2 shows that when mitochondrial proteins from fibroblasts with normal BCKD activity (cell line 1271) are examined for CRM-positive BCKD proteins, a pattern identical to that seen for the purified liver complex was observed (Fig. 2, tivity. Lane 2 is the mitochondrial proteins from a control cell line with full BCKD activity and lane 3 is the mitochondrial proteins from a patient with -2% BCKD activity and represents the findings for cells from 23 patients with BCKD activity ranging from 1-15% of control cell BCKD activity.
reaction. BCKD activity in broken cell homogenates of fibroblasts is dependent upon the addition of cofactors for this reaction (5) . Using these conditions of cofactor reconstitution, BCKD activity in this patient's cells gave a distinctive response in the presence of different combinations of cofactors. Conditions were designed to test independently the activity of El or E2. Fig. 3 depicts these results. Homogenates from control cells were able to decarboxylate the branched chain ketoacids in the presence of TPP/Mg2+ alone (El activity) as were the homogenates from cell line 328 (Fig. 3, top) . By contrast, when CoASH/NAD was used without TPP/Mg2+ (E2 activity), only control cell homogenates could decarboxylate the substrate (Fig. 3, bottom) . Thus, the E2 transacylase was missing from cell line 328 by both immunologic and functional criteria.
Discussion
Over 90% of the proteins which make up the mitochondrion are coded on nuclear genes (18, 19) . Proteins of the BCKD complex likely fall into this category since inherited defects affecting this complex in man follow Mendelian laws for transmission (3, 5) . Three of the proteins of the BCKD complex are unique to this complex while E3, the flavoprotein lipoamide dehydrogenase, is also present in the pyruvate and a-ketoglutarate dehydrogenase complexes (12) . Currently little is known about the structural genes which code for the proteins of the BCKD complex. Our findings suggest that the genes directing the synthesis of these proteins may not be coordinately expressed. The mutation we describe has immunocompetent proteins corresponding to E3, Ela, and ElI3 but not for E2. Since the antibodies used are polyclonal for the entire complex, it is highly unlikely that all immunogenic sites are lost from the E2 protein and therefore not detectable by this assay. Indirect evidence for noncoordinated expression is reported from Patel's group (20) . They showed that when the BCKD complex is induced by differentiation of 3T3-Ll fibroblasts into adipocytes, the proteins of BCKD increase disproportionately. El is increased almost 20-fold, E2 sixfold, and E3 only fourfold based on activity measurements. Therefore, our mutant cell line will prove helpful in studying the expression and assembly of nuclear coded mitochondrial proteins.
A simplistic explanation for these findings is the lack of expression of the structural gene for E2. This could be due to the absence of the gene, lack of messenger RNA (mRNA) formation from this gene, or formation of incompetent mRNA (21) . To test these possibilities, cyclic DNA probes, which are not yet available, are necessary to test the nucleic acid structures. Another explanation would be that the protein made in the cytosol is not taken up and processed by the mitochondria. The defective protein could also have an extremely short halflife and thus not be detectable. These questions are currently being tested.
It is possible for the proteins to be present and detectable by the immunoblot and still be functionally inactive. We have not identified specifically the defective enzyme of the BCKD complex in any of the cell lines where all four proteins are immunogenically present. Although defects have been described which affect the function of the similar pyruvate dehydrogenase complex and have been demonstrated in cultured fibroblasts (i.e., reference 22), our data provide the first description of decreased function in a mitochondrial multienzyme complex resulting from a missing protein within that complex. The patient from which cell line 328 was derived died in infancy despite dietary restriction and thiamin administration within the first week of life (4) . Based on previous data reported for this cell line and summarized in Fig. 3 , we proposed that the defect would be in the E2 protein of BCKD complex (5).
Decarboxylation of the ketoacid substrate occurred only when the cell homogenate was supplemented with TPP/Mg2+ but not when CoASH/NAD were present. Since El proteins are present, decarboxylation of the ketoacid occurred in the presence of TPP/Mg2+ but the acyl-CoA product cannot form without the activity of E2. Likewise, El cannot be recycled without the transfer action of E2. Absence of the E2 protein (Fig. 2 ) in this mutant cell line provides a molecular basis for both the nonfunction of a mutant BCKD complex and the inability to stabilize the complex with TPP saturation. Our current findings further suggest that individuals who respond with clinical improvement to thiamin therapy must have present in their cells all four proteins of the complex. Cells from all thiamin responsive patients studied showed the normal profile for antigenic BCKD proteins.
